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Abstract 
Animal models of aortic aneurysm and dissection can enhance our limited understanding of the 
etiology of these lethal conditions particularly because early-stage longitudinal data are scant in 
humans. Yet, the pathogenesis of often-studied mouse models and the potential contribution of aortic 
biomechanics therein remain elusive. In this work, we combined microCT and synchrotron-based 
imaging with computational biomechanics to estimate in vivo aortic strains in the abdominal aorta of 
angiotensin-II infused ApoE-deficient mice, which were compared with mouse-specific aortic 
microstructural damage inferred from histopathology. Targeted histology showed that the 3D 
distribution of microCT contrast agent that had been injected in vivo co-localized with precursor 
vascular damage in the aortic wall at 3 days of hypertension, with damage predominantly near the 
ostia of the coeliac and superior mesenteric arteries. Computations similarly revealed higher 
mechanical strain in branching relative to non-branching regions, thus resulting in a positive 
correlation between high strain and vascular damage in branching segments that included the coeliac, 
superior mesenteric, and right renal arteries. These results suggest a mechanically-driven initiation of 
damage at these locations, which was supported by 3D synchrotron imaging of load-induced ex vivo 
delaminations of angiotensin-II infused suprarenal abdominal aortas. That is, the major intramural 
delamination plane in the ex vivo tested aortas was also near side branches and specifically around the 
coeliac artery. Our findings thus support the hypothesis of an early mechanically-mediated formation 
of microstructural defects at aortic branching sites that subsequently propagate into a macroscopic 
medial tear, giving rise to aortic dissection in angiotensin-II infused mice. 
  
Introduction 
Degenerative conditions of the aorta, such as progressive aneurysmal dilatation, acute 
dissection, or catastrophic rupture, are influenced strongly by the biomechanical loads that act on the 
vessel wall. Importantly, dissection and rupture occur when the intramural mechanical stress exceeds 
the strength of the wall (Humphrey and Holzapfel 2012; Vorp 2007), with dissections involving a 
tearing of intimal / medial layers that allows blood to enter the wall. An associated progressive 
separation within the medial layer can create a false channel parallel to the true lumen that may or 
may not re-enter the aorta. Mechanical stimuli are thought to be key contributors to the initiation of 
aneurysms and dissections, not just their progression (Manopoulos et al. 2018). Estimation of the 
mechanical stresses/strains within the vessel wall via biomechanical simulations thus represents a 
promising approach for risk stratification (Farotto et al. 2018; Leemans et al. 2016) and patient-
specific interventional management (Bonfanti et al. 2017; Chen et al. 2016; Perrin et al. 2016). 
Simulations can also help enhance our hitherto limited understanding of the pathogenesis and early 
arterial remodeling that is characteristic of aneurysms and dissections, thus leading to an improved 
prognostic capability and therapeutic design. Computational models of the biosolid and biofluid 
mechanics suggest, for example, that pressure-induced hotspots of elevated normal wall stress 
(Nathan et al. 2011) and flow-induced hotspots of elevated wall shear stress (Chi et al. 2017) occur 
around the branching regions of the aortic arch, where initial dissecting tears often manifest. A 
continuing limitation of computational models, however, is the lack of validation due to the paucity of 
longitudinal patient data, particularly during early stages of the disease. Animal models can therefore 
serve as invaluable complements to human studies. 
Chronic infusion of the vasoconstrictive peptide angiotensin II (AngII) in atherosclerosis-
prone mice is a well-accepted model for dissecting aortic aneurysms (Daugherty and Cassis 2004; 
Trachet et al. 2015b). The observed lesions develop within hours to days in the suprarenal abdominal 
aorta and are caused by a medial tear that is often accompanied by marked dissection and intramural 
hematoma (Daugherty et al. 2000; Saraff et al. 2003). A number of studies investigated roles of 
hemodynamic loads in this AngII-induced model of dissection (Cao et al. 2010; Goergen et al. 2010a; 
Trachet et al. 2011), motivated by earlier suggestions of the likely importance of mechanical stresses 
in the etiology (Sho et al. 2004; Wang et al. 2001). An important subsequent experimental finding, 
however, was the histomorphometric identification of transmural disruptions in the vicinity of orifices 
at major side branches in late stages of the disease, namely after 28 days of AngII infusion (Gavish et 
al. 2014; Gavish et al. 2012). Although this finding focused subsequent attention on the potential 
biomechanical vulnerability of branch points (Trachet et al. 2017; Trachet et al. 2014) the precise role 
of biomechanics in the initiation and early progression of AngII-induced lesions has remained elusive.  
Our continuing search for biomechanical mechanisms must nevertheless build on prior 
studies. Numerous imaging modalities, including in vivo magnetic resonance imaging, high frequency 
ultrasound and ex vivo panoramic digital image correlation, have been used to estimate regional 
biomechanics in the AngII-infused murine abdominal aorta (Adelsperger et al. 2018; Favreau et al. 
2012; Genovese et al. 2012; Goergen et al. 2011). Biaxial mechanical testing has also shed light on 
the solid mechanics of the mouse aortic wall prior to and during AngII infusion (Bersi et al. 2017; 
Laroumanie et al. 2018). Mouse-specific fluid dynamics simulations have been used to understand 
flow patterns in the true aortic lumen either prior to AngII infusion (Trachet et al. 2011) or in the late 
stages of disease development when a false lumen is present (Ford et al. 2011; Phillips et al. 2017). 
Mouse-specific fluid-solid-interaction (FSI) simulations have shown the distribution of principal 
stresses in a healthy mouse aorta (Trachet et al. 2015a), but computational efforts focusing on the 
early stage of AngII-induced lesions with appropriate mouse-specific validation are lacking.  
We have previously performed ex vivo synchrotron-based imaging of AngII-induced 
dissecting aneurysms by means of phase contrast X-ray tomographic microscopy (PCXTM), which 
yielded 3D datasets of the aortic wall at 6.5 m isotropic resolution (Trachet et al. 2017; Trachet et al. 
2014; Trachet et al. 2018). We found that dissections starting as medial microruptures can be 
visualized ex vivo due to a fortuitous discovery: the micro-computed tomography (microCT) contrast 
agent injected into the mice in vivo (prior to euthanasia) infiltrated the aortic wall intra vitam to form 
microleaks that appeared as white aggregates. The advantage of such microleaks is that they can be 
analyzed in 3D along the entire vessel, and therefore offer a much more accurate and complete 
assessment of vascular damage than what can be obtained by traditional slice-by-slice 2D histology - 
an arduous, expensive, and invasive procedure. Consistent with earlier histological findings (Gavish et 
al. 2014; Gavish et al. 2012), the microleaks occurred mainly near the ostia of suprarenal side 
branches, with a particularly high incidence around the coeliac and superior mesenteric arteries. It is 
expected that the preferential localization of these microruptures are intricately linked to the regional 
mechanics. Aiming to test this hypothesis, we introduced a custom automated morphing framework to 
map the non-pressurized, non-axially-stretched, PCXTM geometry onto the pressurized, axially-
stretched in vivo microCT geometry (Ferraro et al. 2018). The output of this morphing scheme is a 
mouse-specific structural finite element simulation under pressurization and axial stretch. In this way, 
this synchrotron-based biomechanical modeling considers often-overlooked aspects of the native 
geometry - namely mouse-specific aortic wall thickness, minor aortic side branches and local axial 
stretch – that impact the location of hotspots in the computed in vivo aortic strain field (Ferraro et al. 
2018). This morphing framework was only tested for a single mouse, however, thus its general 
validity remained to be demonstrated. 
The aim of this work is to test the hypothesis that the local mechanics at major abdominal side 
branches drive disease initiation in AngII-infused mice. To that end, we present an experimental-
computational approach that was used to compare histopathological, imaging, and computational 
results regionally for AngII-infused and saline-infused control mice. We first verified that the 
infiltrated contrast agent can be used as a precursor for vascular damage, and then compared the 3D 
distribution of infiltrated contrast agent to spatial hotspots of mechanical strain (obtained with 
synchrotron-based biomechanics). Importantly, the associated mechanical strains were computed by 
comparing unloaded and temporally averaged loaded configurations of the abdominal aortic wall, not 
in vivo diastolic and systolic configurations. Finally, we further tested the hypothesis that load-
induced delamination of the wall initiates at or near branch sites via synchrotron imaging of aortas 
that were mechanically tested ex vivo in the absence of complicating mechanical factors such as 
complex hemodynamics (Ford et al. 2011; Phillips et al. 2017) and perivascular tissue support 
(Ferruzzi et al. 2018), thus focusing on the effect of material and geometric heterogeneities at branch 
sites. 
Methods 
Animals 
All procedures were approved by the Ethical Committee of Canton Vaud, Switzerland (EC 2647.2) 
and performed according to Directive 2010/63/EU of the European Parliament on the protection of 
animals used for scientific purposes. Twelve-week old male ApoE-deficient mice on a C57BL/6J 
background (n=10) were infused for 3 days with AngII at a rate of 1000ng/kg/min as previously 
described (Trachet et al. 2017). Age-, sex- and strain-matched controls (n=6) were infused for 3 days 
with 0.9% normal saline. All mice underwent a microCT scan (detailed below) just prior to euthanasia 
with a ketamine/xylazine cocktail (100 mg/kg and 15 mg/kg, respectively) and aortic tissue was 
collected immediately after euthanasia. 
Imaging 
In vivo. The abdominal region was imaged using contrast-enhanced non-gated microCT on the third 
day of AngII infusion. The contrast agent (ExiTron nano 12000; Miltenyi Biotech, Germany) was 
injected into the lateral caudal vein at 4 mL/g body mass and imaging was achieved using a Quantum 
FX microCT scanner (Caliper Life Sciences, USA). Anesthesia was maintained throughout scanning 
with an inhalation of 1.5% isoflurane. We used compressors that concentrate room air to oxygen 
levels between 85% and 91% (model: Sequal Integra E-Z Oxygen concentrator), which then deliver 
this concentrated air to the inhalation anesthesia system. The resulting DICOM images had an 
isotropic voxel size of 50 m. The soft-tissue contrast of this technique delineates the blood-filled 
aortic lumen but is not sufficient for visualization of the aortic wall thickness. Resulting 
segmentations of the aorta from these (non-gated) scans represent an average of the systolic and 
diastolic geometries. 
Ex vivo. The abdominal aortas of the 10 AngII-infused and 6 saline-infused control mice were excised 
and fixed in 4% paraformaldehyde (PFA). The samples were then imaged at the TOMCAT beamline 
of the Swiss Light Source in the Paul Scherrer Institut, Villigen, Switzerland. Images were acquired in 
stacked scans with 6.5m isotropic resolution using differential phase contrast X-ray tomographic 
microscopy (PCXTM), as previously described (Trachet et al. 2017; Trachet et al. 2014). This 
complementary imaging modality enables tissue contrast sufficient to quantify wall thickness and to 
segment small side branches off the aorta (Trachet et al. 2015c). 
Histology 
The reliability of local contrast agent distribution as a marker of vascular damage was first validated 
against targeted 2D histology. Briefly, after ex vivo PCXTM scanning, samples were processed and 
embedded in paraffin using standard histological procedures. We then followed procedures for 
PCXTM-guided histology that we introduced previously (Trachet et al. 2014). Namely, upon 
examination of the PCXTM dataset for each sample, we identify sites of contrast agent infiltration and 
serially section the embedded samples to obtain desired locations, including those with and without 
contrast agent as well as with and without branches. Slides were stained with Haematoxylin-Eosin 
(H&E) to assess general morphology: 214 slides from the 10 AngII-infused mice and 157 from the 
saline-infused control mice. Whereas eosin also stains erythrocytes red, a Martius, Scarlet and Blue 
(MSB) stain was used to assess fibrin within coagulated blood. Immunostaining identified 
macrophages (F4/80), continuity of the endothelial cell layer (CD31), and smooth muscle cells (α-
smooth muscle actin, α-SMA). Pathophysiological observations in each slide were assessed by an 
investigator blinded from the PCXTM guided histology. 
Computational Analyses 
We sought to assess mechanical strains locally along the abdominal aorta by comparing the loaded 
(microCT) and unloaded (PCXTM) configurations. Toward this end, semi-automatic segmentations of 
paired in vivo microCT and ex vivo PCXTM scans were performed using the image processing 
software Mimics (Materialise NV, Belgium). Preprocessing, meshing and morphing were achieved 
using an integrated framework that has been described in detail elsewhere (Ferraro et al. 2018).  
Preprocessing  
Precise lengths of the aortic side branches could not be estimated from the microCT images, hence we 
developed a consistent extension technique to mitigate effects of artificial stretching during the 
morphing simulation. Each side branch was numerically extended in proportion to a related length 
measured in the microCT model. For example, the distance between the coeliac and superior 
mesenteric bifurcations was calculated in terms of the abscissa coordinate of the centerline in both the 
microCT and PCXTM scans (see Fig. 1d), which was clearly identifiable with both imaging 
modalities. The ratio between these two quantities provided an extension coefficient that multiplied 
the PCXTM side branch length to yield an extension length. 
Meshing 
The outer vascular surface in each PCXTM segmentation was discretized with an unstructured 
quadrilateral mesh. This mesh was then smoothed using a non-shrinking Taubin filter (passband 0.1, 
100 smoothing iterations) and projected onto the mesh of the inner wall using a custom Matlab code 
(The Mathworks, Inc., Natick, MA, USA, code available in the supplementary material for (Ferraro et 
al. 2018)). The final result was an unstructured hexahedral solid mesh of the ex vivo geometry. 
Several meshes were auto-generated to ensure that the simulations were independent of the grids 
used; details of the final converged meshes, including the average, maximum, and minimum element 
edge lengths, are in Table 1. Convergence could not be reached for only 1 of the 10 AngII-infused 
mice, mainly due to element distortions related to poor local element quality. Conversely, the 
collapsed ex vivo geometry hindered mesh generation for 4 of 6 control mice. All of the 5 cases of 
poor mesh quality are shown in Figure 1 of the Appendix. 
Table 1. Mesh size and edge lengths for the geometrical models. 
Case # Elements Average edge  Maximum edge Minimum edge 
length [m] length [m] length [m] 
AngII-infused 
1 713952 10.1 45.0 1.0 
2 267808 17.2 113.0 1.7 
3 275464 18.4 59.3 2.4 
4 303740 15.4 152.0 4.2 
5 245692 20.3 60.0 6.1 
6 332784 13.9 84.8 4.5 
7 833212 9.6 39.3 0.9 
8 254472 19.6 89.4 4.5 
9 916660 9.6 34.0 1.5 
Saline-infused 
1 611208 10.1 81.4 1.3 
2 220000 21.1 72.1 1.3 
 
Morphing simulation set-up 
In order to estimate strains along the abdominal aorta, we developed a pointwise mapping scheme 
between the ex vivo PCXTM mesh (not stretched, not pressurized) and the in vivo microCT model (in 
vivo axial stretch and pressurized). To this end, we introduced a branch-based coordinate 
transformation in which a cylindrical parametrization was generated from a rectangular parametric 
space for each branch. This transformation was applied to both the microCT and PCXTM models, and 
a global displacement map was obtained by subtracting each nearest neighbour node in the microCT 
and PCXTM models, respectively. 
The output of this novel method thus synthesized the hexahedral PCXTM mesh and the computed 
displacement map into a single structural finite element method (FEM) based simulation of morphing. 
The morphing simulation was static and fully displacement controlled, allowing finite deformations. 
A nearly incompressible Arruda–Boyce constitutive model was used, with material parameters ( = 
24.358 kPa, m = 1.01) consistent with those used in a prior fluid-solid-interaction simulation (Trachet 
et al. 2015a).  
In order to co-localize results of the simulation with locations of micro-ruptures that were identified 
using PCXTM imaging, the computed Eulerian strains were mapped back onto the ex vivo 
undeformed configuration while artificial extensions of side branches were removed for visualization 
and excluded from the analysis. 
Partitioning of the abdominal aorta 
To allow consistent region-matched comparisons between aortic strains (computed from the 
FEM simulations) and vascular damage (observed from contrast infiltrations in PCXTM scans), the 
aorta was sub-divided into branching and non-branching zones. Post-processing of data was achieved 
using the vascular modelling toolkit (VMTK, Orobix, Bergamo, Italy (The Vascular Modeling Toolkit 
website, www.vmtk.org), Matlab (The MathWorks Inc., Natick, MA, USA) and the open-source code 
Paraview (Ayachit 2015). The VMTK subroutine vmtkbifurcationreferencesystems was used to 
compute reference systems for the ramifications of the aortic tree, and Frenet-Serret tangents and 
abscissas were subsequently computed along the smoothed and resampled centerline of the simulated 
vessel geometry (subroutines vmtkcenterlinenormals and vmtkcenterlineattributes).  
In the regions containing bifurcations, the aortic zone corresponding to a branch of radius R 
was delimited by two planes at a curvilinear centerline distance of ±2R from the origin of the 
bifurcation (Fig. 1a). Planes laterally demarcating the branching segment were placed perpendicular 
to the centerline as defined by local Frenet-Serret tangents. In the case of multiple bifurcating 
branches from a common origin, the planes delimiting the segment were placed at a distance 2Rmax 
above and below the origin, where Rmax was the maximum radius of the side branches (Fig. 1b). 
Adjacent ramifications were grouped with a single branching aortic segment if the curvilinear 
centerline distance between the originating points was not sufficient to define two separate segments 
without any overlap (Fig. 1c). Straight segments were then, by inference, defined as those lying 
between branching segments. Identical cutting planes were imposed on the ex vivo PCXTM scans to 
divide them into branching and non-branching segments. In most geometries, the sectioning yielded 7 
straight and 6 branching aortic segments, which are depicted in Fig. 1d. 
Quantification of strain and 3D microstructural vascular damage 
For each simulation, high values of strain were defined as ≥ 80% of the maximal principal strain. For 
each aortic segment, the surface area A1 of high strain and the total surface area A2 of the aortic 
segment was exported into Paraview. We used a nondimensional metric defined as the percentage of 
the A1/A2 ratio as a high strain index. 
Microleaks of contrast agent within the aortic wall were segmented in the Mimics software. The 
quantified volume of contrast agent was subsequently partitioned using the same aortic segment 
definitions – hence a volume of contrast agent, if present, was assigned to each aortic segment. 
Load-induced intramural delaminations ex vivo 
Ex vivo biaxial mechanical testing can also be used to explore biomechanical mechanisms of aortic 
dissection in mouse models. In particular, load-induced intramural delaminations have been observed 
in aortas of mice that have a propensity to dissect in vivo (Ferruzzi et al. 2016; Laroumanie et al. 
2018). Here, for the first time, we use synchrotron imaging (PCXTM at 6.5 m isotropic resolution) 
to examine the abdominal aorta from male ApoE-deficient mice (n=4) that were infused with AngII 
for 4 days (1000ng/kg/min) and underwent ex vivo biaxial testing with concurrent optical coherent 
tomography (OCT) imaging, as previously described (Ferruzzi et al. 2016). The biaxial tests were 
carried out on freshly excised, non-fixed samples. Because the delaminations were observed in 
different regions (1 proximal descending aorta, 2 suprarenal abdominal aortas, and 1 infrarenal 
abdominal aorta), we used these data to further evaluate the role of branching regions as potential 
nucleation sites for dissection. 
Statistical analysis 
Differences in both mechanical strain and contrast agent infiltration between straight and branching 
segments were assessed with the nonparametric Mann-Whitney U test. Differences between AngII 
and saline-infused mice in a given aortic region were evaluated with multiple t-tests between the two 
groups with post-hoc Sidak-Bonferroni correction. For AngII-infused mice, a Kruskal Wallis test with 
post-hoc Dunn’s testing for multiple comparisons was used to compare strain and contrast agent 
volumes between aortic locations and circumferential quadrants. Linear relationships between 
variables were assessed by the Pearson correlation. 
Results 
Contrast agent infiltration in the wall is a proxy for microstructural damage 
A 3D rendering of the abdominal aortic wall of a representative AngII-infused mouse shows 
regions of infiltrated contrast agent in red (Fig. 2a). Contrast agent was found in the aortic wall of all 
10 AngII-infused mice but was absent in all aortic regions within the saline-infused control animals 
(cf. Fig. 3c). Despite the near normal gross morphology, H&E and immuno-staining revealed a 
compromised structural integrity of the wall of the AngII-infused aortas in multiple locations (Fig. 
2b). Intimal and intramural defects in the AngII-infused animals included a fragmented internal elastic 
lamina accompanied by subintimal cellular infiltration, intramural accumulation of red blood cells and 
fibrin, macrophage infiltration, and loss of vascular smooth muscle cells. In stark contrast, no 
histopathological findings arose in the saline-infused animals (Fig. 2d). 
We also found good agreement between contrast agent localization and histopathological 
findings, as quantified in Figure 2c. In 64% of the examined slides, absence of contrast agent matched 
the absence of histopathological features (termed ‘true negatives’) while in 24% of the cases, contrast 
agent infiltration co-localized with histopathological findings (true positives). The main histological 
findings of the true positive cases were subintimal cellular infiltration and intramural hematoma (52% 
and 35% of true positives, respectively). False positives and false negatives, that is, a mismatch 
between contrast agent infiltration and microstructural damage, represented only 5% and 6% of the 
total cases, respectively. The finding that went mostly undetected with PCXTM was medial VSMC 
loss (82% of all histologically identified instances were not accompanied by contrast agent 
infiltration). 
In the intercostal region of AngII-infused mice, the most prevalent histopathological feature 
was disruption of the intimal layer accompanied by subintimal cellular infiltration (46%), followed by 
loss of medial smooth muscle cells (24%). Intramural hematoma (i.e., accumulation of red blood cells 
in the wall) was found in the outer lamellar layers at 7% of the branching sites but in none of the non-
branching ones. In non-branching sites of the intercostal region, there was no lesion in 78% of the 
sections analyzed; this is in contrast to 61% absence for the branching sites. In the paravisceral aortic 
region, extending from above the coeliac down to the right renal artery, the most prevalent lesions 
were intramural hematoma (50% of the observed lesions), followed by subintimal cellular infiltration 
(42%). The incidence of hematomas was similar in branching and non-branching sites (15% and 19% 
respectively, Fig. 2d). We observed that 50% and 55% of intramural hematomas in the intercostal and 
the paravisceral regions co-localized with medial macrophages. No macrophage infiltration was 
observed in the more distal aortic region, extending from above the left renal artery to the infrarenal 
aorta. The only observed lesion in this region was fibrin accumulation (4% of sections from AngII-
infused mice). 
Strain and contrast agent infiltration in the aorta: a macro-comparison 
The structural FEM calculations of in vivo aortic strain obtained by implementing the 
morphing framework for 9 AngII and 2 saline-infused mice are shown in Figure 3a. The 
corresponding ex vivo segmentations of the abdominal aortic wall and corresponding contrast agent 
microleaks - which serve as indicators of vascular damage - are shown in Figure 3b. The mean value 
as well as the range of predicted values of strain was similar between those for the AngII and saline 
infused mice (Fig. 3c). There was also no significant correlation between minimum or maximum 
strain values and the total volume of contrast agent in the wall (Fig. 3d).  
Strain and contrast agent infiltration in the aorta: branching and non-branching regions 
In order to evaluate the distribution of strain - rather than its range of values - and to consistently 
assess the implication of branching regions on the strain map, we divided the aorta into branching and 
straight (non-branching) regions. Representative analysis of the abdominal aortic branching topology 
resulted in the partitioned geometry shown in Figure 4 (center). For each mouse, the high strain index 
and volume of contrast agent infiltration was quantified within each straight and branching segment. 
Overall, the high strain index in the branching regions was significantly greater than in the straight 
regions (P<0.0001, Fig. 4a). Similarly, the volume of contrast agent was significantly lower in straight 
regions than in branching regions (P=0.0028, Fig. 4b). 
For AngII-infused mice, the aortic zone around the first pair of intercostal arteries cranial to the 
coeliac artery had significantly higher strain than the control mice (Fig. 4a, bottom). The volume of 
contrast agent in the vicinity of the (i) coeliac artery and (ii) superior mesenteric and right renal artery 
was significantly higher than in corresponding regions in saline-infused mice (P=0.00001 and 
P=0.0002 respectively, Fig. 4b bottom). Moreover, the aortic region around the coeliac artery had 
more extensive microleaks of contrast agent than did the zone around the left renal artery (P=0.0419). 
No contrast agent was found in 67% of the straight regions, whereas this percentage dropped to 35% 
for the branching zones. 
In order to compare regions of high strain to high contrast agent more directly, we plotted the 
high strain index versus contrast agent volume for all aortic segments, delineating between straight 
and branching regions (Fig. 5a, top and bottom respectively). Most straight segments had low strain 
values, but among the clustered points around the origin of the axes some had non-zero contrast agent 
volumes. Discordant pairs – defined by predictions of low strain accompanied by high volumes of 
contrast agent and vice versa - were found among branching regions as well. Upon closer examination 
of these cases, however, we found that most could be classified in one of two categories (Fig. 5b, 
cases 1 and 2). First, in a number of cases, the cutting planes used to partition the aortic geometry into 
segments intercepted a continuous volume of contrast agent that extended between two consecutive 
zones. This infiltrated volume resulted from the propagation of a single initial microleak (one point of 
entry) in the vessel wall. Thus, identifying two neighboring segments with a continuous volume of 
contrast agent as contrast agent-positive potentially led to an overestimation of the number of damage 
events suffered by the aortic wall. Second, in a number of cases, a minor aortic branch visualized on 
the PCXTM images was excluded in the FEM simulation due to difficulties in implementing the 
morphing framework. Omission of the side branches could have altered (either over- or under-
estimated) the computed local strain, as previously shown (Ferraro et al. 2018). In Figure 5b, the data 
belonging to the aforementioned cases have been color-coded for straight (top) and branching regions 
(bottom). After eliminating them from the analysis, no significant correlation was found between high 
strain and contrast agent infiltration for straight segments (Fig. 5c, top). Conversely, a significant 
positive correlation between high strain and contrast agent volume emerged for branching segments 
(Fig. 5c bottom, P<0.0001 with Pearson’s correlation). These branching regions are color-coded and 
the data driving the correlation arise mainly from the coeliac and superior mesenteric/right renal 
arteries. 
Circumferential distribution of contrast agent and strain around branch arteries 
 In order to assess circumferential variations in strain and vascular damage, and their relation 
to one another, we divided the most affected aortic segments - including the coeliac branching region 
and superior mesenteric/right renal branching region - into four quadrants (Fig. 6, right). Both the 
volume of contrast agent and the computed strain were significantly higher in the ventral than in the 
dorsal aorta (Kruskal Wallis test with post-hoc Dunn’s test for multiple comparisons, P=0.0008 and 
P=0.0164). The strain was also significantly higher in the ventral quadrant than in the left quadrant 
(P=0.0128). A significant positive correlation was observed between ventral high strain index and 
ventral contrast agent accumulation (Fig. 6c, P= 0.0191). 
Load-induced intramural delaminations ex vivo: the role of side branches 
 PCXTM-based 3D representations of 4 aortic samples that underwent ex vivo biaxial 
mechanical testing and presented with intramural delaminations can be seen in Fig. 7 (a-c). In all 4 
samples, small side branches were damaged within the delaminated regions. The number of ruptured 
branches as well as the total number of branches found within the delaminated region of each sample 
are summarized in Table 2. Medial tears - defined as discontinuities of the tunica media across all 
elastic lamellae - were found in the vicinity of a side branch in the suprarenal and infrarenal aortas 
(Fig. 7d, zoomed panels). The coeliac artery was the branch around which the medial tear appeared in 
the only sample that included this ramification. In the proximal descending aorta, the major 
delamination plane was found in a non-branching region (Fig. 7d). All delaminations were contiguous 
with a ruptured or unruptured side branch. Correlative histology validated the observations of the 3D 
PCXTM images (Fig. 7e).  
Table 2. Quantification of ruptured and total side branches found within the delaminated region of 4 
aortic samples subjected to ex vivo biaxial testing. 
Sample Aortic region  Total number of branches 
Ruptured branch ostia  
[% of total branches] 
1 Proximal descending 
thoracic aorta 
7 3 [43%] 
2 Suprarenal abdominal aorta  8 6 [75%] 
3 Suprarenal abdominal aorta  6 4 [67%] 
4 Infrarenal aorta 5 2 [40%] 
 
Discussion 
 To the best of our knowledge, this study is the first to use synchrotron-based biomechanics to 
predict in vivo aortic strains and to correlate strain concentrations with mouse-specific 3D intramural 
histopathology in the abdominal aorta. Toward this end, we used a common animal model of aortic 
dissection, the AngII-infused ApoE-deficient mouse (Trachet et al. 2017). Histopathological findings 
were similar to those reported by others. There was an early cellular infiltration in the sub-intima, 
accumulation of macrophages in the media, and evident hematoma in the outer lamellar units in the 
suprarenal aorta of the AngII-infused mice, but a lack of overt morphological or histopathological 
changes in the aortas of saline-infused animals (Goergen et al. 2010b; Saraff et al. 2003). There was 
also protection of the infrarenal aorta from pathological findings (Bersi et al. 2017). 
Contrast agent as a surrogate marker for precursor vascular injury 
We first confirmed that infiltration of an intravenously injected microCT contrast agent into 
the aortic lumen co-localizes with vascular damage. Comparative histology showed that this contrast 
agent served as a reliable indicator of vascular damage in 88% of the histological sections examined 
(Figure 2c). Regarding the preferential detection of certain wall defects over others, we found that 
contrast agent infiltration is better suited to detect subintimal cellular infiltration and intramural 
hematoma, but less so the loss of medial VSMCs. Moreover, localization of infiltrated contrast agent, 
combined with an ability to measure its distribution non-invasively in full 3D-datasets, provides an 
added advantage that arduous, arbitrarily located 2D histology cannot achieve. Thus, we submit that 
the 3D distribution of contrast infiltration along the aorta is a suitable alternative to certain aspects of 
2D histology for the purpose of computational validation. 
Initiating events in AngII induced abdominal pathology: branching sites are biomechanically 
vulnerable 
Aortic dissections occur almost exclusively in the suprarenal abdominal aorta in the AngII 
infusion model (Cao et al. 2010) and typically present within 3-10 days after the onset of AngII 
administration (Daugherty and Cassis 2004). Telemetric blood pressure assessment shows that the 
mice experience a +25 mmHg rise in mean blood pressure within 24 hours from the onset of AngII 
infusion, with pressure increasing continuously to +31 mmHg at 3 days of infusion (Haggerty et al. 
2015). Elevated blood pressure can differentially increase wall stress in the media and adventitia 
(Bellini et al. 2014), and it is expected that wall damage occurs when wall stress exceeds wall 
strength. Within 24 hours after dissection, neutrophil accumulation is much more pronounced than 
macrophage infiltration and very little collagen has yet to be deposited despite focal elastin breakage 
in the media (Phillips et al. 2018). It has been suggested that cellular targets of AngII also exert 
injurious effects to the aortic wall, independent of blood pressure (Cassis et al. 2009). 
Using 2D histology Gavish and colleagues identified transmedial disruptions at branch points 
in the abdominal aorta after 28 days of AngII infusion (Gavish et al. 2014; Gavish et al. 2012). Using 
3D synchrotron imaging, we subsequently observed similar microruptures in the tunica media after 28 
days of infusion, not only near major but also near minor suprarenal side branches, and this without 
the need for serial sectioning (Trachet et al. 2014). Follow-up research revealed that medial defects 
already arise around the ostia of major and minor abdominal aortic side branches by 3 days of AngII 
infusion, thus suggesting involvement in initiation, not just outcome (Trachet et al. 2017). In addition 
to revealing local sites of intramural damage, we have shown that ex vivo synchrotron-based imaging 
can be combined with in vivo microCT-based imaging to provide geometric and kinematic 
information sufficient for informing biomechanical calculations of mean strain fields along the mouse 
aorta (Ferraro et al. 2018). In the present study we (i) validated our synchrotron-based biomechanics 
in a unique pre-clinical setting and (ii) investigated the role of biomechanics in disease initiation after 
only 3 days of AngII infusion, when lesions begin to form. As expected, we found that branching 
regions act as geometric and material discontinuities that can give rise to strain hotspots and sites of 
precursor vascular damage (Fig. 4). That is, a positive correlation was found between high mechanical 
strain and contrast agent infiltration in branching, but not in straight, regions of the suprarenal aorta 
(Fig. 5c). These findings thus support further the importance of side branches in the initiation of aortic 
dissection in mice resulting from AngII infusion (Gavish et al. 2014). 
Due to the correlative nature of our experiments, we cannot establish an unequivocal causal 
link between high mechanical strain and vascular damage. In order to establish such a link, we would 
need to estimate the mechanical strain using synchrotron biomechanics on a healthy mouse, then 
follow the same animal after 3 days of AngII-infusion and compare sites of wall injury to locations of 
elevated mechanical strain. This is currently not technically feasible since PCXTM is an ex vivo 
technique and the animal is sacrificed before the images are taken. Yet, the strain concentrations we 
observe at branching regions of control animals would be expected to increase markedly at high 
pressures (i.e., with pressure elevation due to AngII infusion), thus increasing the likelihood of 
vascular damage at these sites. Indeed, there does not appear to be sufficient mechano-adaptation of 
the aortic wall via increased matrix deposition within the first 3 to 4 days of AngII infusion (Bersi et 
al. 2017; Laroumanie et al. 2018), hence leaving sites of high stress/strain potentially more vulnerable 
to mechanical damage. In the suprarenal aorta in particular, there is an early and persistent increase in 
elastically stored energy at systolic pressure after 4 days of AngII infusion that is consistent with an 
increased circumferential strain, which may arise due to an early increase in MMP13 expression in the 
absence of collagen synthesis (Bersi et al. 2017; Laroumanie et al. 2018). This concept is consistent 
with the suggestion by Gavish et al. (Gavish et al. 2014) that dissections occur when vulnerable sites 
are not reinforced properly by collagen remodeling. The present results suggest further that following 
the AngII-induced rise in blood pressure, the first intimal and intramural defects in the suprarenal 
aorta may nucleate at branch sites that constitute strain hotspots that precede vascular damage. 
Dorsal protection and circumferential variation 
AngII-induced lesions not only occur preferentially in the suprarenal aorta of the mouse, they 
also form on the left side of the suprarenal aorta (Adelsperger et al. 2018; Goergen et al. 2010b; Xie et 
al. 2012). Several hypotheses have been offered to explain this circumferential specificity (Goergen et 
al. 2011; Goergen et al. 2010b), but a clear explanation remains wanting. Despite having the highest 
strain index values and the highest volumes of contrast agent infiltration of all branching regions, 
there was no evidence of significant microstructural damage or strain hotspots in the dorsal quadrant 
of the coeliac and superior mesenteric/right renal segments (Fig. 6b). Mechanical protection of the 
dorsal aorta is consistent with the lower stored energy density computed in the dorsal compared to the 
ventral half of the healthy ApoE-deficient suprarenal aorta (Bersi et al. 2016) and the 3-fold lower 
expansion of the posterior compared to the anterior abdominal wall (Goergen et al. 2007). The 
posterior perivascular support of the aorta (De Wilde et al. 2016) - such as the dorsal musculature and 
spinal tethering - could also explain its mechanical shielding. 
Another striking observation is that microstructural damage preferentially occurs on the ventral and 
left quadrants of the coeliac and superior mesenteric/right renal aortic segment. Interestingly, these 
segments also experience high strain on the ventral and (to a lesser extent) right quadrants (Fig. 6) – 
the quadrants with prominent branch ostia. When it comes to strain and vascular damage, the ventral 
quadrants of the coeliac and superior mesenteric/right renal segments thus seem to be at the highest 
risk. This may at first seem contradictory to previous findings, which point to medial tears in the left 
and ventral, but not in the right, quadrant (Trachet et al. 2017). It is important to note, however, the 
difference between initiation and propagation. Indeed, the propagation of microruptures into medial 
tears, and the subsequent dissection of the left side of the tunica adventitia, may be driven by 
additional mechanical factors. 
Hypothesis on tear propagation 
We previously conjectured that medial microruptures, occurring after 3 days of AngII 
infusion around the coeliac and superior mesenteric branches but sometimes at the ostia of intercostal 
or left renal arteries, constitute the initial insult to the aortic wall in this mouse model of dissection 
(Trachet et al. 2017). These microruptures subsequently propagate to form a medial tear, previously 
termed by Gavish and colleagues (Gavish et al. 2014; Gavish et al. 2012) as a transmedial or 
transmural disruption and found after 4 weeks of AngII infusion in the vicinity of the orifices of major 
abdominal branches. This theory is not in conflict with our current findings, which suggest that 
microruptures may form in locations that experience the highest strain and then propagate to form 
larger medial defects. We further hypothesized that the transition from microrupture to medial tear is 
dictated by the local mechanics near the small side branches, which may or may not be torn as the 
medial tear propagates in the aorta. 
This general concept is supported further by the synchrotron-based images of spontaneous 
delaminations that occurred in 4-day AngII-infused aortas during ex vivo biaxial testing (Fig. 7). 
Importantly, these vessels are tested in the absence of additional mechanical factors such as complex 
hemodynamics and perivascular support, hence allowing one to focus on discontinuities near 
branches. The medial tear that appeared to act as an entry point for saline to enter between media and 
adventitia was found near a side branch for the suprarenal and infrarenal aortas, specifically around 
the coeliac artery in the sample that included this bifurcation (sample 3). Moreover, all of the 
delaminations observed ex vivo coincided with small side branches suggesting that the latter may 
have acted as originating sites or anchoring points to sustain the propagating delamination. Though 
we do not know whether these samples would have progressed to aortic dissection in vivo had they 
not been harvested at 4 days, our ex vivo observations suggest that the use of precisely controlled 
supra-physiological loading conditions in the absence of in vivo perivascular support may reveal an 
intrinsic predisposition to strain-induced delamination at branch sites following AngII infusion. 
Limitations and future work 
Our validation of contrast agent as an indicator of future vascular damage yielded a modest 
number of false positives and false negatives (≤ 6% of all measurements; Fig. 2c). Nevertheless, these 
mismatches between contrast agent and histopathological lesion presence constitute a potential source 
of uncertainty. It is important to emphasize, however, that histological preparations inherently induce 
cutting artifacts, particularly in structurally vulnerable samples and mismatches can occur due to 
errors in mapping histological slides to the corresponding ex vivo synchrotron image. Hence, using 
infiltrating contrast agent as an in vivo marker of vulnerability is promising. 
We used a custom semi-automated morphing framework to compute the in vivo strain field of 
murine abdominal aortas. This framework combines ex vivo PCXTM and in vivo microCT to provide 
morphological information on local axial stretch, minor aortic side branches, and mouse-specific 
aortic wall thickness. A sensitivity analysis shows that all of these features can significantly alter the 
computed strain hotspots in the FEM simulations (Ferraro et al. 2018) and are thus critical to measure. 
Some limitations of the framework have been described previously, and include (amongst others) 
shrinkage of the sample due the dehydrating fixation process for the PCXTM, the absence of pre-
stress, and the use of a simplistic material model (Ferraro et al. 2018). Additional limitations of our 
morphing approach include the assumption of material homogeneity (which disregards possible 
mechanical homeostasis near branches) and the difficulty of modeling small side branches or a 
collapsed aortic geometry. Due to problems with collapsed (non-pressured) geometries - leading to 
poor mesh element quality - we were unable to model 4 cases of saline-infused animals and 1 case of 
an AngII-infused mouse (Appendix Fig. 1). A similar problem did not arise for the rest of the AngII-
infused vessels, which appeared to be structurally stiffer. The impact of this work would have been 
greater had we managed to include more saline-infused control cases. We were also not able to model 
some of the smallest branches, which may have influenced the results (Fig. 5b). 
In the context of computational-experimental studies, more sophisticated approaches have 
been proposed for identifying correlations between indices of hemodynamic simulations and plaque-
related damage (De Wilde et al. 2016). We did not implement such approaches here because we did 
not expect to find an exact match between voxels with high strain and voxels with contrast agent 
infiltration. Indeed, our synchrotron images do not allow an unequivocal determination of the point of 
entry of contrast agent into the wall. Upon entering the wall, contrast agent can spread due to the 
transmural pressure gradient and diffusion. The choice for larger, branch- versus straight-segment 
defined regions thus allowed more robust comparisons. In this context, it is important that our post-
hoc outlier removal (Fig. 5b) was based on clear criteria - binary variables of presence/absence of 
contrast agent and aortic side branches – that were not subject to interpretation, thus avoiding 
observer bias. 
Finally, it has been postulated that non-uniform distributions of collagen fiber orientation near 
branch sites lead to local material heterogeneities that could generate intramural shear stresses 
sufficient to initiate a delamination event which subsequently propagates into a dissection (Bellini et 
al. 2017). Such effects were not considered in our current modeling and simulation strategy. 
Conversely, studies on porcine aortas have recently suggested that a strain-driven collagen fiber 
rearrangement mechanism may exist (Gaul et al. 2018). In future work we intend to extend our 
current methodology to include more sophisticated imaging and material models that account for local 
fiber orientation. This might also allow us to gain a better understanding of the role of biomechanics 
in the regional variations in contrast agent infiltration that was observed within the AngII-infused 
group (Fig. 2d). More sophisticated material models will also allow better computations of wall stress, 
not just wall strain, noting that it is yet unknown whether intramural damage leading to dissection or 
rupture follow a stress-, strain-, or energy-based failure criterion. Correlations of damage with strain 
have the added advantage, however, of potential measurement without detailed understanding of the 
evolving, likely anisotropic and heterogeneous material properties. 
Conclusions 
We have used synchrotron-based biomechanics to study initiating events in the AngII-infusion mouse 
model of aortic dissection. We predicted in vivo aortic strains and correlated strain concentrations 
with mouse-specific 3D histopathological defects in the abdominal aortas of Ang-II infused mice. We 
submit that branching sites sustain significantly higher strain and wall injury compared to non-
branching regions, and that the dorsal aorta is mechanically protected. Ex-vivo load-induced aortic 
delaminations further point towards branching regions as nucleating sites for aortic dissections in 
AngII-infused mice. 
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Figures 
 
Fig. 1 Schematic depiction of aortic partitioning at the level of ramifications. a: Ramification with one 
daughter branch. Cutting planes intercept the abscissae at a distance of ±2R with respect to the origin 
of the bifurcation. b: Ramification with more than one daughter branch (from a common origin). 
Cutting planes intercept the abscissae at a distance of ±2R, where R is the maximal of the daughter 
branches’ radii. c: Neighboring ramifications. If cutting planes applied for each ramification yield 
overlapping neighboring branching zones, the aortic regions are merged into a single branching 
segment. d. Illustration of partitioned aorta in branching (colored) and non-branching (gray) segments. 
 Fig. 2 Targeted image-guided histology. a. 3D volume rendering of an abdominal aorta after 3 days of 
AngII infusion with zoomed suprarenal region (contrast agent in red). Note the correspondence 
between the ex vivo PCXTM image and targeted H&E section. The infiltrated contrast agent (red 
arrow) co-localizes in the zoomed H&E image with an intramural accumulation of red blood cells. 
This zoomed image also shows a transition of elastic laminae from 5 to 2 in the branching region. b. 
Zoomed images of lesions (arrows) located on H&E, MSB and immunostained slides (α-SMA, CD31, 
F4/80). c. Bar plot showing correspondence between the presence or absence of contrast agent in the 
wall and histopathological findings in AngII-infused mice. d. Bar plots showing histopathological 
findings in AngII and saline-infused animals, in branching and non-branching sites of each aortic 
region shown in panel a. 
  
 Fig. 3 a. Structural FEM simulations of 9 AngII-infused and 2 saline-infused murine abdominal 
aortas. The strain contour plot was projected back onto the ex vivo undeformed configuration to 
enable direct comparisons of strain concentrations and contrast agent microleaks in the aortic wall. b. 
3D aortic wall renderings corresponding to geometries presented in A with contrast agent microleaks 
shown in red. c. Error bar plot of principal strain. The thick black line shows the mean±SD. Grey line 
shows range of strain values from minimum to maximum. d. A scatter plot shows total volume of 
infiltrated contrast agent per aorta. 
 Fig. 4 Center: Color-coded division of the aorta in branching and straight zones. a. Scatter plots show 
the computed high strain index (percentage of segment’s surface area with strain values exceeding 
80% of maximal strain) in straight and branching aortic regions in AngII-infused (n=9) and saline-
infused (n=2) animals b. Scatter plots show the volume of infiltrated contrast agent in straight and 
branching aortic regions in AngII-infused and saline-infused animals. Bold horizontal lines denote the 
mean of each group; grey lines denote the mean for saline-infused animals. * P<0.05, ** P<0.001, 
*** P<0.0001. 
 
  
Fig. 5 a. Scatter plots show the correlation between high strain calculation and volume of contrast 
agent infiltration for straight and branching segments. b. Outlier cases 1 and 2 were eliminated from 
the analysis (left) and color-coded on the scatter plots (right). The number of segments classified as 
case 1 (18% of all segments) or case 2 (22% of all segments) is in blue and orange, respectively. c. 
Final scatter plots with data from cases 1 and 2 excluded from the analysis. For branching regions 
(bottom), color-coded data denote aortic regions (red for coeliac artery region, green for superior 
mesenteric/right renal artery region). 
  
 Fig. 6 Scatter plots showing a. the volume of contrast agent microleaks and b. computed high strain 
variations along the circumference of the aortic region extending from the coeliac to the right renal 
artery (quadrants as shown on right side). Bold horizontal line denotes mean value. * P<0.05, ** 
P<0.001. 
 Fig. 7 a. Illustration of the aortic regions for the four ex vivo tested samples. b. Aortic delamination of 
the suprarenal aorta after 4 days of AngII infusion. Optical coherence tomography during biaxial 
mechanical testing shows spontaneous delamination of medial and adventitial layers. c. 3D 
representations of the 4 samples that were subsequently scanned with PCXTM. The separated 
adventitial layer is shown in orange. d. 3D representations of the media (adventitia not shown). 
Zoomed images show the major medial tear for each sample. e. PCXTM images and targeted H&E 
histology in the locations of major medial tears shown in d. 
  
 Appendix Fig. 1 Collapsed geometries in undeformed configurations for n=4 saline-infused and n=1 
AngII-infused mice. 
 
